Abstract Classical hydrometric measurements and detailed 2-D electrical resistivity imaging (ERI) surveys were combined with tracer sampling to identify the hydrological processes in a semi-arid headwater catchment in the Eastern Cape Province of South Africa. The analysis of precipitation and runoff events emphasized the strong link between precipitation and runoff formation characteristics. Soil water tension and groundwater level observations demonstrated the development of a perched water table within the soil layer. These results are supported by tracer-based runoff component separations and illustrate the important role of the shallow subsurface component. The ERI investigation permitted further insight into the structure of the subsurface. Finally, the ERI survey, in combination with time domain reflectometry (TDR) measurements, allowed the extrapolation of selective soil water content measurements. To summarize, the application and combination of different field methods led to the development of a conceptual model of the hydrological functioning of this catchment. The dominant role of the subsurface mechanisms was evaluated. 
INTRODUCTION
The accurate analysis of water flow pathways in a drainage basin is essential for the optimal protection and management of surface water and groundwater resources and the understanding of instream abiotic conditions. In particular, in the highly variable hydrological regime of southern Africa, low flow determination, responses to streamflow reduction activities and water quality issues are critically dependent on a clear understanding and quantification of streamflow generation processes. In the eastern headwaters of South Africa, perturbations to the water resources caused by commercial afforestation in this semi-arid hydro-climatic region, requires a particularly sound understanding of the dominant processes and their controls during current and future conditions. Hydrological processes within a catchment define how precipitation reaches the catchment outlet, how long water is stored in the surface water, soil water and groundwater systems, and what
MATERIAL AND METHODS

The Weatherley catchment and instrumentation network
The Weatherley catchment is a 1.5 km 2 headwater research catchment in the Umzimvubu basin of the semi-arid northern Eastern Cape Province, South Africa (Fig. 1) . It was established in 1995 in order to assess the impacts of afforestation in a representative catchment in the Molteno-Elliot sedimentary formations (sandstone and mudstone) (Lorentz, 2001; Lorentz et. al., 2004) . The catchment was monitored in its natural state from 1995 to 2002, when trees were introduced, and from 2002 to the present under the emerging forested hillslopes. The elevation ranges from 1228 to 1337 m a.m.s.l.; the slopes are gentle except for areas near the bedrock outcrops in the eastern and southern part of the catchment. The land use is mainly Highlands Sourveld grassland. Wetland conditions exist along the stream network and range in width from 100 to 400 m. The soils are characterized by varying degrees of wetness and colour, and include red and yellow apedal mesotrophic soils as well as neocutanic and hydromorphic soils (Roberts et al., 1996) .
The mean annual precipitation amounts to 740 mm, and the mean annual class A pan evaporation is estimated as 1488 mm (Esprey, 1997) . Average daily temperatures range from 11°C in the winter to 20°C in the summer. Precipitation has a large seasonality; more than 80% falls in the summer period between November and March.
The instrumentation network includes two transects with nests of automatic recording tensiometers and shallow groundwater wells, hand augered to bedrock, as well as neutron probe access tubes in an upper and lower sub-catchment, each gauged with a crump weir (Fig. 1) . The lower transect, comprising the nests 1-11, runs east-west, from the crest of the eastern slope down into the wetland, across the stream and up the western slope. Parallel to and perpendicular to this transect, 2-D electrical imaging surveys were carried out at the end of February 2004. In addition, samples from surface water runoff, precipitation and groundwater were taken and analysed for natural tracers (i.e. silica, chloride, oxygen-18 and deuterium).
Rainfall-runoff analyses
For a better overview of the precipitation and runoff dynamics during the investigation period, the time series of precipitation was divided into different events. Single events were assumed to be Lorentz et al., 2004) . those where intermittence of precipitation was less than 4 hours. Also, in order to characterize the precipitation-runoff relationship, an antecedent precipitation index, API -7 (mm) including precipitation, P, seven days prior to the event was calculated as follows:
For the determination of runoff events during the hydrological year 2004 the mean discharge, MQ, of the runoff time series was calculated by using daily discharge values. Increases in runoff above the mean discharge were defined as runoff events. For statistical analysis of precipitationrunoff relationships, only distinct flood events were considered. These events were defined by a peak runoff value exceeding five times the mean annual discharge (Q threshold ).
Tracer methods
Dissolved silica (Si) has been used successfully in previous studies to investigate runoff processes, flow pathways and to separate different runoff components (e.g. Laudon & Slaymaker, 1997; Uhlenbrook et al., 2002) . In this current study, dissolved silica concentrations (referred to as silica in the following text) were determined by photometric measurements, using heteropoly acids produced by the reaction of ammonium molybdate with silica, according to the German Institute for Standardization DIN 1981 (DEV D21; DIN 38405 part 21). The mean analytical error was approximately 5%. Chloride was analysed by ion exchange chromatography with a DIONEX DX 500 device. A mean analytical error of 3% was determined.
The isotopes oxygen-18 ( 18 O) and deuterium ( 2 H) were analysed using an IRMS Finnigan Delta S mass spectrometer. To transfer the water sample into the measuring gas, a CO 2 -equilibration unit (20°C, 11 h) was used for oxygen-18. To measure deuterium an H/device (chrome reduction method, 900°C) was utilized. The isotope values are given as δ values (‰) referring to the international standard VSMOW (Vienna Standard Mean Ocean Water). The analytical errors were ±0.2‰ and ±1‰ for oxygen-18 and deuterium, respectively.
Hydrograph separation techniques are based on the mass balance of water and tracer. Theoretically, n runoff components can be separated using n -1 tracers. The fundamentals and assumptions are discussed in the literature (e.g. Sklash & Farvolden, 1979) . The equations for a two-component separation are:
where Q T is the total runoff (L s -1 ); Q 1 , Q 2 are runoff components (L s -1 ); and c T , c 1 and c 2 are endmember concentration of the tracers in the respective runoff component (mg L -1 ) or (‰). In order to quantify the total amount of baseflow for the hydrological year 2004 at the lower weir of the Weatherley catchment, hydrograph separation using isotopes was combined with an additional runoff separation technique. Eckhardt (2005) described a recursive digital filter for the separation of baseflow. The method is based on the assumption that the frequency spectrum of a hydrograph is built up by long waves associated with baseflow and high frequency waves caused by direct runoff. The equations for a two parameter digital filtering are:
were Q T(t) is the total runoff (L s -1 ) at time step t; Q D(t) is the direct runoff component (L s -1 ) at time step t; and Q B(t) is the baseflow (L s -1 ) at time step t. The component of the baseflow could be calculated as:
where BFI max is the maximum value of the baseflow index (-); Q B(t-1) is the baseflow (L s -1 } at time step (t -1); and a is a filter parameter (-).
The filter parameter, a, is defined by:
where α is a baseflow recession constant (-).
The baseflow recession constant α was derived by a recession analysis for the hydrograph of the hydrological years 1998-2004 using a baseflow filter program described by Arnold et al. (1995) and Arnold & Allen (1999) . The second parameter, BFI max , was determined through calibration of the recursive digital filter model to the results of the hydrograph separations determined by tracer investigations during the investigation period.
Electrical resistivity imaging
The use of geophysical methods, such as electrical resistivity measurements, can complement traditional hydrometric investigations in order to gain further insights into the subsurface structure and its composition. The subsurface resistivity is mainly related to geological and hydrological parameters like rock/soil type, grain sizes, porosity as well as the pore fluid properties (degree of water saturation and solute content of the pore water). Electrical resistivity surveys have been made for decades in hydrogeological and geotechnical investigations; more recently they have been used to solve problems in environmental hydrology (e.g. Berthold et al., 2004; Comas et al., 2004) . The determination of subsurface resistivity is based on Ohm's law, which describes the relationship between the current density, the electrical field (voltage) and the resistivity (for further details see e.g. Loke, 2003) . In order to map the electrical resistivity of the subsurface, a current is induced between two current electrodes and the resultant potential field, influenced by subsurface resistivity, is measured at two separate potential electrodes. The survey configuration used in this study was an electrical resistivity imaging (ERI), which combines surface profiling and vertical sounding into a 2-D image of the subsurface resistivity (Binley & Kemna, 2005) .
The resistivity surveys were carried out using the Syscal Junior Switch System with 24 electrodes and two multi-core cables (maximum spacing between two electrodes was 5 m). The electrodes were set along two hillslope transects (A and B on the eastern slope; C on the western slope; Fig. 1 ), and a roll-along procedure was applied to investigate transects of several hundred metres. This provided results in an appropriate spatial resolution to a depth of 5-7 m. A fourelectrode Wenner array with spacings of 2 and 5 m was used to gather the 2-D data, because of its high signal-to-noise ratio (Dahlin & Zhou, 2004) . Since different four-electrode spacings (and therefore different vertical sensitivities) are induced during the survey by automatically selecting four-electrode sets from the 24-electrode layout, a pseudo-section of effective or apparent resistivities at different depths and positions is developed. The true resistivity at each position is calculated from the measured apparent resistivity data sets using Jacobian matrix calculations and a forward modelling procedure with the software RES2DINV (least squares, smoothnessconstrained) to obtain resistivity distributions of the subsurface (for further details see Loke, 2003) . The significant changes in the elevation of the ground surface along the hillslope transects were taken into account by shifting the nodes of the inversion model to match the ground surface topography. The inversion was not constrained directly by using additional information of the bedrock depths from augered and GPR profiles. However, the ERI survey was found to correspond to the soil/bedrock interface defined by GPR and augering surveys, thus all available information together was used for interpretation.
At the same time as the ERI measurements at transects A and B were carried out, the soil water content of the upper soil layer (averaged over 0-300 mm) was determined along the transect using a TDR probe (Campbell TDR100). Thus, it was possible to plot the relationship between volumetric water content and electrical resistivity of the first model block of a refined model (model block: 1 m length; 0.5 m depth). The relationship is described by Archie's Law (e.g. Reynolds, 1997) :
where θ is the water content (-), ρ s is the soil resistivity (Ωm), ρ w is the pore water resistivity (Ωm), φ is the porosity (-), and m, n are empirical parameters (-). This relationship was used to evaluate the agreement between measured resistivities and water contents.
RESULTS
Rainfall-runoff relationship and soil moisture dynamics
The precipitation input and the runoff response at the lower crump weir, for the hydrological year 2004, is shown in Fig 2. The annual pattern of precipitation is distinctly bimodal with a rainy season in the Southern Hemisphere spring and summer, during which 82% of total precipitation (801 mm year -1 ) occurs. For a better understanding of the links between precipitation, soil water dynamics and runoff, the relationships between precipitation and runoff characteristics of 16 single events were examined (Table 1 ). The total of 27 events which occurred during the hydrological year 2004 was reduced to 16 (based on exclusion of missing precipitation data and introduction of the threshold value for flood event definition). The following dependencies were found using Pearson's product moment correlation coefficient r with the level of significance p.
Long-duration precipitation events cause slow rising times between the commence of runoff reaction and peak runoff (r = 0.766; p = 0.001), whereas events with high mean intensities produce short rising times and high peak runoff values (r = -0.574; p = 0.02 and r = 0.552; p = 0.027). Runoff-producing rainfall events, with high precipitation depth lead to high peak runoff values and high runoff volume (r = 0.671; p = 0.004 and r = 0.717; p = 0.002). By considering the soil water conditions of the catchment in the form of an antecedent precipitation index (API -7 ; equation (1)), a moderate dependency on rising times was found (r = -0.520; p = 0.039), indicating the importance of pre-event moisture conditions within the catchment for runoff formation (Table 1) .
Precipitation and runoff data during the detailed investigation period (29 January 2004 -29 February 2004 ) are presented in Fig. 3 . Precipitation accumulates to 241 mm, although the beginning of February can be considered a "dry period" between 1 and 12 February 2004 (ΣP = 2 mm). Runoff at the lower crump weir shows four main runoff periods which can be divided into nine single events. The maximum discharge of 2.8 m 3 s -1 was reached on 27 February 2004. Runoff samples were taken automatically at the lower weir depending on the recorded runoff response.
Soil water conditions (tensiometer data) and groundwater levels (shallow groundwater well data) at Nest 1 near the crest of the hillslope, are presented in Fig. 4 . The values of the capillary pressure heads reflect the degree of suction of the soil water. Positive values of the capillary pressure head, greater than the soil air entry pressure, represent unsaturated soils, a zero value indicates the presence of a phreatic surface at the level of the tensiometer ceramic, and negative values indicate that the soil water pressure is positive and that a phreatic surface exists above the tensiometer ceramic. The time series of the capillary pressure heads (at depths of 400, 600 and 800 mm) start with relatively moderate conditions, 100-260 mm, after the precipitation event at the end of January. During the "dry period" at the beginning of February, the soils dry to capillary pressure head values of 950, 560 and 320 mm, at depths 400, 600 and 800 mm, respectively. The groundwater level (lower part of Fig. 4) indicates values of some 1065 mm below the surface, which is the depth of the shallow groundwater well. After the onset of rain on 12 February 2004 (Event 3a) the capillary pressure head in the upper tensiometer drops rapidly, indicating wetting in this upper soil layer, whereas the deeper tensiometers react only slightly. After a short break in precipitation and a build-up of the tension in the upper tensiometer, the capillary pressure drops again (Event 3b) and in the upper tensiometer, even below zero. This phreatic surface, or water table, was 140 mm above the ceramic at the 400 mm depth. However, the deeper tensiometers do not reflect saturated conditions at this time. It can be deduced that a temporary perched groundwater body builds up over a layer which inhibits a rapid percolation into the lower soil layers. In addition the groundwater, perched on the bedrock, does not respond after this event (shown in the lower part of 
Results of tracer studies
The observed concentrations of the isotopes, silica, chloride and electrical conductivity of the runoff samples are presented in Fig. 3 , reflecting the contribution from shallow groundwater.
As additional natural tracers, chloride concentrations and the electrical conductivity of the water samples were determined. Chloride concentrations of the surface water samples varied moderately between 1 and 2 mg L -1 , and the electrical conductivity varied between 30 and 45 µS cm -1 . The concentration changes during events are comparable to the silica with concentration decreases during runoff events, for the same reason as for silica.
The water isotopes of the surface water samples, however, show complex reactions during storm events. Surface water values during low flow periods are close to -3‰ for 18 O and -7‰ for 2 H. During runoff events the reactions of these isotopes are not consistent. Similar reactions for both isotopes are observed for the runoff events 2 and 3, with both isotopes getting generally lighter as the runoff period progresses. At the beginning of the events 2c and 3b, there is a drop of the δ 2 H values. However, during the runoff period of events 4a-4c, the δ values increase. This non-uniform reaction of the isotopes among the events might be an effect caused by different isotope composition of the precipitation input (not measured in a high temporal resolution in this study), or because of the influence of evaporated seepage water contributing to streamflow. Values of the shallow subsurface water (groundwater wells) show variations between -3‰ and -4.2‰ with a mean of -3.5‰ for 18 O, and between -7‰ and -18‰ with a mean of -11.5‰ for 2 H. Figure 5 shows the δ 18 O and δ 2 H values of the water samples for precipitation, shallow groundwater and runoff at the lower crump weir and the estimated end member concentrations of (GMWL) and the Local Meteoric Water Lines (LMWL) of Pretoria and Cape Town from the GNIP database (IAEA/WMO 2004) were integrated, describing the relationship between the two isotopes in this region. The GMWL is characterized by a slope of 8, which is determined by the groundwater and shallow groundwater (rapid lateral response water, perched within the soil horizon) for the runoff component separations. Additionally, the Global Meteoric Water Line ratio between the equilibrium fractionation factors of oxygen and hydrogen for the precipitation condensation process and the axis intercept (d = 10; deuterium excess) (Craig, 1961) . The LMWL from the two stations Pretoria and Cape Town have a slightly different slope (6-6.5) and intercept (7.5-7.8) in comparison to the GMWL. All water samples from the catchment (precipitation, groundwater, shallow groundwater and surface water) show a slope of 6.6, similar to the two LMWL, with an intercept of 11.
The isotope samples were not usable for a runoff component separation in this case because the measured isotopic values of the bulk precipitation sample were scattered throughout the runoff signals (Fig. 5) . Due to the lack of measured temporal distributed isotope values in precipitation during the investigation period, it was unfortunately not possible to carry out quantitative runoff separation using isotopes.
Two-component separations were performed using silica (Si), electrical conductivity (EC) and chloride (Cl) as tracers. The end member values for precipitation water (event water) were set to 0.1 mg L -1 (Si), 5 µS cm -1 (EC) and 0.2 mg L -1 (Cl), respectively. The end members for the groundwater component were estimated using the baseflow values of the surface water samples during dry periods (6.05 mg L -1 for Si; 42.6 µS cm -1 for EC and 1.77 mg L -1 in case of Cl). The results of the two-component separations led to mean groundwater contributions of total streamflow of 90% (Si), 82% (EC) and 75% (Cl) from 29 January to 26 February 2004, whereas mean runoff coefficients during precipitation-runoff events of 0.01 (Event 3a) and up to 0.09 (Event 3b) were calculated.
To differentiate the pre-event water component in further detail a three-component separation was carried out using silica and EC as tracer, and separating precipitation water, so-called shallow groundwater and groundwater. The end-member concentrations for the shallow groundwater were estimated from soil water and shallow groundwater samples and set to 5.8 mg L -1 for silica and to 20 µS cm -1 for electrical conductivity. The results of the three-component separations led to an average groundwater contribution of about 70% and a shallow groundwater contribution of about 16% of the total flow during the monitored period (Fig. 6) . During events 2b, 3b and 4a-4c, the contribution of shallow groundwater varied between 10 and 26%, whereas for events 2a and 3a the proportion was only about 1-4% of total event runoff.
The baseflow recession analysis of the hydrological years 1998-2004 led to a baseflow recession constant of α = 0.071 for the master recession curve, calculated from 19 individual baseflow curves. This yields a filter parameter for the recursive digital filter separation of a = 0.931. The BFI max was calibrated for the investigation period from 29 January to 26 February 2004 at a value of 0.837 using the baseflow values of the two-component separation with silica. The relationship found between baseflow calculated by recursive digital filtering (BF rdf , m 3 s -1 ) and runoff separation using silica (BF Si , m 3 s -1 ) as the tracer was BF Si = 1.0023BF rdf with R 2 = 0.988 and p < 0.01. The total amount of baseflow during the hydrological year 2004 was then estimated as 88%. Mean runoff coefficients calculated by recursive digital filtering during precipitationrunoff events vary between 0.01 (events 3a, 10a, 11 and 12) and 0.12 (Event 7c). 
Results of geoelectrical studies
The results of the electrical resistivity investigations of transects A and B as well as Transect C are presented in Fig. 7 . Transects were measured with a Wenner array with a 2-m electrode spacing for transects A and C, whereas Transect B at the same location as Transect A had a spacing of 5 m. Transects A and B, used to study the upper part of the eastern hillslope (210 m), included nests 1-4, and Transect C, used to investigate the western hillslope (330 m), included nests 8-10 (see Fig. 1 ) in the lower catchment area.
The large spatial heterogeneity of the subsurface resistivity distribution was obvious. High resistivity values (>1000 Ωm) were found in the upper zone of the subsurface in the lower and middle parts of the eastern hillslope. These zones were broken by lower resistivity values around Nest 4, due to a saturated layer reaching the surface at the break in slope. The deeper parts of the transects are characterized by relatively low resistivity values indicating saturated zones. The depth to the bedrock had been estimated by ground penetrating radar (GPR) investigations and was confirmed by hand augering where the GPR survey was inhibited by the presence of saturated zones (Lorentz, 2001 ). The black bars in Fig. 7 represent the depth of the soil-bedrock interface from these surveys. Resistivity values of about 100-300 Ωm mark this interface. The structure of the irregular bedrock topography determined by the GPR measurements was confirmed by the ERI measurements. Bedrock topography, groundwater levels and tensiometer data of nests 1, 2 and 4 in combination with detailed ERI surveys (0.5 m spacing; data not shown), perpendicular to the transects A and B, allowed for the determination of resistivity values of saturated (400-900 Ωm) and unsaturated (>1000 Ωm) parts of the soil as well as for bedrock resistivity values (30-300 Ωm). These investigations demonstrate again that resistivity values of about 300 Ωm mark the interface between bedrock and soil material at this site.
Resistivity values of the bedrock vary between <30 Ωm and 300 Ωm, indicating different water contents and material characteristics in the fissured sandstone aquifer. The use of a larger electrode spacing (5 m) allowed for a deeper penetration at the expense of a lower resolution (Fig. 7) , but the main results of the 2 m spacing measurement were confirmed.
In order to verify the large spatial heterogeneity of the shallow subsurface resistivities, surface TDR measurements of the soil water content along profile A were compared with resistivity values of the computed upper model blocks of profile A. In Fig. 8 the calculated resistivities and measured water contents are shown. The parameters have an inverse relationship along the hillslope: high water contents and low resistivity values appear at the moist toe of the hillslope (0~50 m), and lower water contents and higher resistivity values were found at the upper section. The soil resistivity distribution of the upper part (0-0.5 m) of the soil profile of Transect A was then used to calculate the water contents, using Archie's soil resistivity model (equation (7)). The value of pore water resistivity (ρ w = 70 Ωm) was derived from TDR measurements using the difference between the reciprocal value of EC of saturated conditions and the estimated resistivity of dry soil. The porosity (φ = 0.41) was assumed from previous soil investigations in the catchment (Lorentz, 2001) , whereas the parameters m = 1 and n = 1.48 were determined by model calibration. Results indicate a reasonable agreement between measured and modelled soil water contents (R 2 = 0.75, see Fig. 9 ). The tensiometer and groundwater data at Nest 1 at the top of Transect A demonstrated clearly, that, after the dry period at the beginning of February, and with increasing amounts of precipitation, a temporary perched water table developed within the soil layer above the soilbedrock interface. In addition, a shallow perched water table is developed in the soil profile during high rainfall events and in wet antecedent conditions. This shallow groundwater contributes rapidly to streamflow, but subsides soon after the event.
The two-component runoff separations using silica, chloride and electrical conductivity led to high amounts of groundwater contribution (up to 90%). Even during flood events, the direct runoff component did not exceed 38% of the total event runoff.
The additional application of a recursive digital filtering to separate baseflow, parameterized by a recession analysis and calibrated to tracer data, confirmed the essential role of baseflow (originating from groundwater) throughout the whole period and even during precipitation-runoff events. The predicted direct runoff volume did not exceed 12% of the precipitation using this technique.
The general importance of groundwater in mountainous catchments, here observed in the semi-arid Weatherley catchment, is commensurate with findings in many other catchments around the world (Buttle, 1994) . The three-component hydrograph separation using silica and electrical conductivity confirmed the high contribution of pre-event components and yielded additional information about a shallow subsurface water component. The mean value of this component is about 16% of the total runoff generated, but during some events (i.e. events 2b, 3b and 4a-4c) when a perched water table developed within the soil layer, the component increased to up to 26% of total event discharge. This important role of the shallow subsurface component in the runoff generation process could also be confirmed qualitatively by the regime of the isotopic signals, even though it was not possible to use them for quantitative hydrograph separation. An additional indicator for the important role of this component in flood formation during wetter conditions is given by the moderate correlation between high values of the API -7 and fast reactions of the runoff rising time (r = -0.520; p = 0.039). Thus, when saturated layers in the topsoil are established, significant contributions of shallow soil water to flood formation are observed.
Electrical resistivity measurements as a window to subsurface conditions
The ERI investigation allowed for further insight into the heterogeneous structure of the subsurface of the hillslope. With the use of this technique it was possible to reproduce the irregular soil-bedrock interface topography which proved to coincide with that estimated by augering and GPR measurement. The ERI measurements, together with the other experimental data sets of soil moisture and depth of water level at four nests along the hillslope led to the interpretation of resistivity values of the underlying sandstone bedrock of 30-300 Ωm (depending on water/matrix distribution), variably saturated parts of the soil layer 400-900 Ωm, and >1000 Ωm for dry soils (see Fig. 7 ). Electrical resistivity imaging was used to extrapolate the point measurements of water content along the hillslope, based on the correlation between WC and resistivity using the Archie's law (equation (7)). The interpreted resistivity survey confirmed the existence of percolation water in the fractured bedrock. The data indicated that there is a general lateral downslope movement of this source, with a vertical component feeding the hillslope groundwater aquifer. The ERI sections also indicate the re-emergence of fractured bedrock water at the toe of the slope.
Refined conceptual model of runoff generation processes
A conceptual model of the flow mechanisms observed in the Weatherley catchment is presented in Fig. 10 . A local near surface perched water table (1) of short duration has been observed (hydrometry, three-component separation). This water table initiates rapid lateral flow due to macropore conductance. The water accumulates at the toe of the hillslope (2) of the upper section (site observation, hydrometry, isotopes, two-component separation, 2-D resistivity), seeps out and discharges over the bedrock outcrop. Also, slow percolation (3) from the upper perched water table occurs (hydrometry) and recharges the water table perched on the irregular soil/bedrock interface (4) in hollows (hydrometry, 2-D resistivity). From here, slow percolation occurs through the fractured bedrock (5) to down slope marsh groundwater (8) (2-D resistivity) and recharge of a regional groundwater system is assumed as well. At the lower part of the hillslope segment, rapid lateral flow (6) could be found with percolation (7) to the marsh groundwater system (8) (field observation, 2-component separation). At the near stream areas exfiltration and discharge to the stream (9) occurs (through macropores and pipes; field observations), as well as groundwater/surface water hydraulic control (10) (2-D resistivity; shallow well observations).
CONCLUSIONS
The knowledge of source areas, flow pathways and residence times of water and solutes is crucial for the characterization of runoff dynamics, water quality and low flow determinations. The application and combination of a number of different field methods at the same investigation area led to better process understanding. The combination was particularly useful as each method has shortcomings and limitations but when used together, they form a consistent picture.
The geoelectrical data, in contrast to point measurements, provide spatially detailed but indirect information about bedrock lithology or the water content, but the integrated use of all methods (ERI, TDR, traditional hydrometric techniques and augering) helped to overcome this limitation and to extrapolate the point information to a larger scale. This strategy led to additional insights into the structure of the subsurface at the hillslope scale and accordingly into the dominant runoff generation processes.
Analysis of the soil tension and water level data was used to demonstrate the formation of an episodic perched water table within the soil profile. Its formation depends on antecedent conditions and rainfall intensities. This perched water table subsequently induces lateral interflow. The importance of this component during runoff events could be demonstrated through tracer data and runoff component separations, showing high contributions of shallow groundwater during periods when a perched water table exists.
The results of this study led to the confirmation and refinement of a conceptual model of runoff generating processes, which was previously based solely on hydrometric observations. Future investigation will focus on supplementing these experimental investigations with model applications to verify the proposed flow processes at the hillslope and catchment scale.
